The long-term stability of optical parametric chirped-pulse amplifiers is hindered by thermal path length drifts affecting the temporal pump-to-signal overlap. A kilowatt-pumped burst amplifier is presented delivering broadband 1.4 mJ pulses with a spectral bandwidth supporting sub-7 fs pulse duration. Active temporal overlap control can be achieved by feedback of optical timing signals from cross-correlation or spectral measurements. Using a balanced optical cross-correlator, we achieve a pump-to-signal synchronization with a residual jitter of only (46 ± 2) fs rms. Additionally, we propose passive pump-to-signal stabilization with an intrinsic jitter of (7.0 ± 0.5) fs rms using white-light continuum generation. 
Introduction and Overview
The generation and control of ultrashort laser pulses are of vital importance in the field of ultrafast dynamics of matter on femtosecond timescales [1, 2] . The advancement of X-ray free-electron lasers (FELs) extends this even towards the atomic scale [3] . X-ray and optical pump-probe experimental techniques profit from an increased repetition rate on both the FEL and the optical laser side [4] . Experiments investigating weak light-matter interactions would tremendously benefit in terms of data quality and statistical relevance. For example, studies of dissociative ionization fragments using table-top soft x-ray sources require high intensities at high repetition rates [5] . Meanwhile, FELs provide MHz repetition rates at pulse energies of hundreds of µJ, whereas ultrashort optical laser amplifiers hardly reach the few-µJ regime at these repetition rates. Available titanium sapphire (Ti:Sa) chirped-pulse amplifiers (CPA) require sophisticated cooling technology to reach a few µJ at MHz repetition rates [6] . In contrast, non-collinear optical parametric chirped-pulse amplifiers (OPCPA) [7] [8] [9] are scalable to hundreds of watts and feature an almost octave-spanning gain bandwidth. Recently demonstrated fiber pumped OPCPAs deliver ultrashort few-cycle pulses at average powers of tens of watts [10, 11] . To further increase the output power of such OPCPA systems, the development of kW-level solid-state pump amplifiers with sub-picosecond to few-picosecond pulse durations is required. This can be achieved by Innoslab [12] [13] [14] and thin-disk amplifier technology [15] . With these devices available, the development of a high repetition-rate OPCPA at the Extreme Light Infrastructure, Attosecond Light Pulse Source (ELI ALPS) is planned [16] . In the first project phase, this system is aiming at delivering few-cycle pulses at 100 W average power (1 mJ at 100 kHz repetition rate) to provide attosecond pulses at unprecedented average photon flux. However, with ultrashort pump pulses in the picosecond range a major technological challenge arises, because the OPCPA output stability is highly sensitive to the temporal overlap between pump and signal pulses within the amplifier crystals. All-optical synchronization of the pump and signal pulses was introduced in order to avoid additional active electronic synchronization of two master oscillators [17] [18] [19] . However, the remaining thermal path length drift in the pump CPA causes instabilities on the long-term scale within tens of seconds to minutes [20] .
A high power burst-mode OPCPA is under developement at the FEL FLASH [21] . The key parameters are given by the accelerator itself and the experimental requirements for pumpprobe and seeding experiments [22, 23] . Important accelerator parameters are the burst duration of 800 µs and the burst repetition rate of 10 Hz. Each 800 µs electron bunch train generates up to 800 brilliant ultrashort XUV pulses. For the application at FLASH, the high power OPCPA should also operate at up to 1 MHz. The experimental requirements for the pulse energy and the pulse duration are 1 mJ and sub-7 fs, respectively. The short pulse durations enhance the temporal resolution of pump-probe experiments that use equivalently short XUV pulses provided by FLASH. Optical peak powers of P peak > 0.1 TW can be attained and utilized for warm-dense matter experiments [24] . Finally, a laser system that operates in an FEL environment has to achieve long-term stability, which is indispensable for an uninterrupted operation during FEL user experiments.
In this article, we give an overview about the OPCPA setup and first results of our prototype setup. Using three non-collinear OPCPA stages we attained 1.4 mJ of pulse energy at an intra-burst repetition rate of 27.5 kHz. The amplified bandwidth supported sub-7 fs pulse duration. Furthermore, we present active and passive approaches taken to conceive a longterm stable operation of a high power OPCPA. The active solutions involve balanced optical cross-correlation [25] and spectral measurements. The passive solution is based on continuum generation as broadband source for seeding the OPCPA [26, 27].
OPCPA setup and results
The experimental setup of the OPCPA is presented in Fig. 1 . As the frontend, a Ti:sapphire oscillator was used (Venteon Pulse:One OPCPA seed), delivering 2.5 nJ pulses at a repetition rate of 108 MHz. All-optically synchronized seeding was realized, because the broad spectral range from 650 nm to 1150 nm was sufficiently large to directly seed the Yb-based pump amplifier at 1030 nm as well as the broadband OPCPA at a center wavelength of 800 nm. The three-stage non-collinear OPCPA consisted of three β -barium borate (BBO) crystals of length 3.3 mm, 3.2 mm and 2.0 mm.
The development of new kW-level pump amplifiers at sub-picosecond pulse durations is required to fulfill the high OPCPA criteria concerning broadband pulses with 1 mJ pulse energy at repetition rates up to 1 MHz. Different Yb-based pump amplifier concepts are under development. The amplifiers of the presented system were operated in a 10 Hz burst-mode with 27.5 kHz intra-burst repetition rate. For the pump CPA, the pulses were stretched to 2.26 ns in anÖffner-type stretcher [28] . The pump amplifier chain consisted of subsequent Yb-based amplifiers. The first was an Yb:glass fiber amplifier, delivering 0.36 mJ at 1030 nm. The second was a 0.5 kW Innoslab amplifier, operated at the same repetition rate. The compressed pulse energy was 13.2 mJ at a pulse duration of 1.39 ps FWHM. A 2 mm BBO was used for the frequency doubling (type I phase-matching, θ = 23.4 • ). OPCPA pump pulses with 6.8 mJ pulse energy were generated at 515 nm with a conversion efficiency of η SHG = 51.1%. The SHG pump intensity was limited by the B-integral in the OPCPA system. The SHG pulse duration was 983 fs FWHM, measured using an autocorrelator (APE: Pulse Check 50).
In the first OPCPA stage, a 3.3 mm BBO was used. This stage was pumped with a fraction of the pump beam (360 µJ). The pump beam diameter was demagnified to 1 mm (at 1/e 2 intensity) to reach the pump intensity of 81 GW cm −2 within the 3.3 mm BBO. The signal beam diameter was 1.3 mm. The signal pulses were amplified from about 1 nJ to 12 µJ, corresponding to a gain of g = 1.2 × 10 4 . The signal beam diameter, after amplification, was 1.1 mm owing to spatial gain narrowing.
A high level of amplified optical parametric fluorescence (AOPF) is expected from the first stage, because of the high gain of g ≈ 10 4 and the comparably low seed energy of E S ≈ 1 nJ. The AOPF can reach a significant intensity, which may be further amplified in the second OPCPA stage [29] . The power contrast between AOPF and OPCPA in the first stage was investigated to evaluate an upper limit for the AOPF that seeds the second OPCPA stage. First, the amplified OPCPA output was measured. For increased statistical relevance, the crystal was pumped in continous-mode at 20 kHz pulse repetition rate (1.6 W at 515 nm) at a pump intensity of 100 GW cm −2 . The achieved OPCPA output power was 46 mW (corresponding to E sig = 2.3µJ pulse energy). Afterwards, the signal beam was blocked, and the AOPF half-cone along the tangential phase-matching direction was measured. The cone was focused onto a calibrated photodiode (Thorlabs DET10A). The measured AOPF energy within the amplified signal area The broadband Ti:Sa oscillator seeded the OPCPA and the Yb-based solid-state chirpedpulse amplifier (Pump CPA) that was used for OPCPA pumping. The pump CPA consisted of a 10 W Yb:glass fiber amplifier and a 0.5 kW Yb:YAG Innoslab amplifier. Frequency doubling was achieved in a 2 mm β -barium borate (BBO) crystal. For stretching the OPCPA signal pulses, a prism pair was used. In combination with a spatial light-modulator (SLM), full control of the spectral phase was allowed for the dispersion management of the system. Three subsequent OPCPA stages were implemented, using BBO crystals of 3.3 mm, 3.2 mm and 2.0 mm lengths. The first stage was pumped by a fraction of the SHG output (gain: g ≈ 10 4 ). Between the first and the second stage, the amplified signal was magnified by a 1:4.5 telescope. After the third stage, a final output energy of 1.39 mJ is obtained (gain: g = 58 in the second stage and g = 2 in the third stage)). was 2.6 nJ. The corresponding AOPF-to-OPCPA energy contrast of E AOPF /E sig ≈ 10 −3 represents an upper limit. The AOPF divergence angle was θ = 0.5 • . Thus, after a propagation distance of z = 1.5 m to the second stage, the AOPF-to-OPCPA intensity contrast was about
Here, τ sig = 730 fs is the pulse duration of the signal after the first stage (at 1/e 2 intensity), and τ AOPF = 1670 fs pulse duration of the AOPF (at 1/e 2 intensity), which is assumed to be equal to the pump pulse duration. The AOPF divergence angle was determined by measuring the fluorescence spectrum in dependence on the internal non-collinear angle, α (see Fig. 2(a) ). For this measurement, an aperture with 200 µm diameter was moved along α direction within the phase-matching plane. It was mounted onto a multi-mode fiber-bundle coupled to a grating spectrometer (Shamrock SR-303i-B with Andor iDus DV420A-OE detector). From Fig. 2(a) , the internal opening angle of the cone, Δα ≈ 0.6 • , was obtained, yielding the external divergence angle of θ = 0.5 • . With a contrast of < 10 −5 , we expect negligible AOPF from the final amplifier stages, because the AOPF is quenched by the presence of the seed signal.
The second OPCPA stage (a 3.2 mm long BBO crystal) was pumped with 6.4 mJ with a beam diameter of 3.7 mm (at 1/e 2 intensity), yielding an intensity of 105 GW cm −2 . Between the first and the second stage the signal beam was expanded by a 1:4.5 telescope to a diameter of 5.0 mm. The signal was amplified with a gain of g = 58 to a pulse energy of 0.7 mJ, corresponding to a total pump-to-signal conversion efficiency of 10%.
To reach an additional gain of g = 2, a third OPCPA stage was implemented. The residual pump from the second stage was used to pump a 2 mm BBO crystal. Efficient energy extraction was achieved by fine-tuning the delay between pump and signal pulses within the second and the third OPCPA stage. A total pulse energy of 1.39 mJ was achieved, corresponding to a final pump-to-signal conversion efficiency of 20%. The efficiency from the compressed Innoslab output at 1030 nm to the OPCPA output was 10%. The overall efficiency was 7.7%, derived from the uncompressed output, In Fig. 2(b) , the spectral intensities of the Ti:sapphire oscillator (grey shaded), and of the output of the second (blue line) and third (orange line) OPCPA stage are presented. The amplified bandwidth was Δν = 168 THz at 1/e 2 (Δλ = 360 nm at λ c = 800 nm). Stretching of the signal pulses was achieved by a fused silica prism pair, introducing negative group velocity disperison, β 2 . This negative chirp precompensated the positive β 2 within the OPCPA signal path. The total amount of dispersion introduced by the 8.5 mm of BBO, 10 m of air and 23.6 mm of glass was calculated by expanding the spectral phase around the carrier frequency, ω c = 2.36 PHz (λ c = 800 nm), up to the sixth order:
While the prism pair compensated the β 2 , it adds a major contribution to the higher-order coefficients. Consequently, proper pulse compression would be prevented due to the residual uncompensated phases, β 3 = −1911 fs 3 , β 4 = −11723 fs 4 , β 5 = 11285 fs 5 and β 6 = −53615 fs 6 . Higher orders, O(n > 6), were neglected. For an accurate phase compensation, a liquid-crystal spatial-light modulator (SLM, Jenoptik SLM-S640) was placed in the focussed Fourier-plane of the prism pair. During the propagation along the signal path, the pulses get gradually compressed. After stretching to about 950 fs (at 1/e 2 intensity), the calculated pulse duration after the first, second and third OPCPA stage was about 730 fs, 520 fs and 360 fs, respectively. After the third stage, the dispersion of an additional 6 mm fused silica bulk compressor led to a calculated pre-compression of about 170 fs. The final compression can be achieved by a pair of positively chirped mirrors (β 2 = +200 fs 2 ) in vacuum. A Fourier-transformation was carried out in order to evaluate the compressible pulse duration. Using the measured spectral amplitude and the phase from the dispersion calculation with different compensated orders of dispersion, the calculation showed that reaching the sub-7 fs regime requires dispersion compensation at least up to the fourth order. The Fourier-limited (FTL) pulse duration yields 6.4 fs FWHM. The Fourier-limited pulse shape is a Gaussian intensity envelope with pedestal (10% pedestal-to-peak contrast). Experimentally, the nonlinear spectral phase added by the OPCPA also needs to be taken into account [30] .
In Fig. 2 (c) (inset), the typical temporal structure of an amplified burst is shown, recorded with a photodiode (Thorlabs DET10A) and a 2.5 GHz oscilloscope (Tektronix DPO7204). It contains 22 pulses with a pulse energy of 1.39 mJ, resulting in a total burst energy of 30.6 mJ. The stable operation of the three-stage non-collinear OPCPA could only be achieved when the laboratory conditions remained stable. Under stable temperature and humidity conditions, we measured an energy deviation of ΔE/E < 0.7% rms over a period of 30 minutes. However, during long-term operation, a considerable drift of the pump-to-seed timing occurred, resulting from a path length change of the pump CPA due to temperature and humidity drift. This could change the average output energy and the spectral bandwidth by up to 50%. The development of pump-to-signal synchronization techniques is thus indispensable for a long-term stable operation.
Temporal synchronization techniques
The temporal synchronization between pump and signal pulses is of critical importance in large-scale OPCPA systems. Especially with ultrashort pump pulses in the picosecond range, the OPCPA output power and the spectral bandwidth are sensitive to the temporal overlap between pump and signal pulses. In the presented system, the temporal drift is introduced by thermal changes in the path length of the pump amplifier chain. In Fig. 3 , different synchronization approaches are presented. In the active synchronization scheme (Fig. 3(a) ), a broadband Ti:sapphire oscillator is used as master oscillator for an all-optically synchronized seeding of the pump CPA and the OPCPA. The occuring delay drift between these two optical paths, Δt, is measured either with a balanced optical cross-correlator (BXC) [25] or by determination of the spectral center of gravity (COG) of the OPCPA output. The Δt-signal is then fed back to a proportional control loop driving an optical delay line in the pump amplifier. In the passive scheme ( Fig. 3(b) ), a white-light continuum is generated from a fraction of the pump CPA to provide an intrinsically synchronized broadband OPCPA seed. The pump pulses are split after the pump CPA. The BXC is used to study the intrinsic timing jitter originating from the continuum generation process.
To quantify the synchronization sensitivity, we used a two-dimensional OPCPA simulation. The model includes the (z,t)-axis along the signal propagation and the x-axis in transverse direction, both in the phase-matching plane formed by the signal and the pump pulses. The nonlinear coupled wave equations for three-wave mixing are solved for each position using a split-step Fourier algorithm. The system of equations is solved using a fourth-order Runge- The first synchronization option is to determine the spectral center of gravity (COG) of the amplified OPCPA output (dashed red arrow), which is linearly proportional to the pump-to-signal delay, Δt. The second option is to correlate the compressed pulses from the pump amplifier (purple arrow) and the signal pulses (red arrow) from the oscillator using a balanced optical cross-correlator (BXC). The BXC gives a background free signal, insensitive to intensity fluctuations and linearly proportional to Δt. In both cases, the Δt-signal can be used as a feedback signal to a controlled optical delay line. (b) Scheme for passive stabilization: A fraction of the pump pulses is used for white-light continuum generation (WLG) in a YAG crystal to provide intrinsically synchronized broadband signal pulses for seeding the OPCPA. In this scheme, the broadband oscillator is replaced by an Yb:glass fiber oscillator. The BXC is not required, but it was used to investigate the intrinsic pump-to-signal temporal jitter originating from the WLG process.
Kutta algorithm. Translation of the pump and idler pulses are carried out in the spectral domain, including dispersion and spatial walk-off effects. The output energy and spectral bandwidth of a non-collinear OPCPA was numerically investigated in dependence on the delay between pump and signal within a range of Δt = ±0.4 ps. The simulation results are presented in Fig. 4 . Two different signal spectra were used for the simulation: an experimentally measured spectrum of the Ti:sapphire oscillator (dots) and a broadband Gaussian spectrum (solid lines). Regarding the energy maximum in Fig. 4(a) (dashdotted vertical line) , the delay must be smaller than |Δt| <50 fs to not exceed an energy deviation of ΔE/Δt < 1% (Fig. 4(a) ). In Fig. 4(b) , the output spectrum was evaluated in terms of its spectral bandwidth (red) and the variation of its center wavelength by means of the center of gravity (COG), λ COG . Within the mentioned ±50 fs (with respect to the energy maximum), the bandwidth decreases by about 1% of the maximum bandwidth. The central wavelength varies linearly by about 0.2 nm/fs within this range. Consequently, in order to measure and control the pump-to-signal delay within an OPCPA, monitoring the spectral COG represents a suitable solution. Experimentally, a two-crystal BXC was used to measure the temporal delay between pump and signal pulses. Simultaneously, the output energy and the spectrum of a fiber-pumped noncollinear OPCPA was measured. The BXC consisted of two individual cross-correlators, where the sum-frequency (λ 3 = 417 nm) of the fundamental pump pulses (λ 2 = 1030 nm) and the signal pulses (λ 1 = 700 nm) was generated in 1 mm BBO crystals with type-I phase-matching (Θ = 27.7 • ). The sum-frequency signal of each correlator was measured with a photomultiplier (Hamamatsu H6780). For the balanced detection, a group delay between pump and signal pulses was introduced in one of the correlator arms by using a 6 mm fused silica plate. Measuring the difference voltage between both detector signals yielded a background-free signal, which was insensitive to intensity fluctuations within the single correlator arms. The signal was proportional to the temporal delay in direction (sign) and amplitude. Thus, it was used as a feedback signal for active pump-to-signal synchronization.
The OPCPA output power and the amplified spectral density were measured over a period of 60 minutes, whilst the temporal delay was recorded using the BXC. First, the OPCPA was operated without the feedback loop activated. Because we expected drifts larger than ±50 fs, the signal pulses were overstretched to achieve a higher sensitivity of the output spectrum on the pump-to-signal delay. The center wavelength was tuned to 730 nm. A temporal drift between +400 fs and −200 fs was observed, corresponding to a decrease of the OPCPA output power of about 22%. In Fig. 5(a) , the deviation of the calculated spectral COG, Δλ c = λ COG − λ c , from the central wavelength, λ c = 730 nm, was calculated and correlated with the measured drift (red dots). Within a range of ±200 fs (blue region), the COG varies linearly by Δλ c /Δt = −15.76 ± 0.16 nm/ps (black line). Compared to the simulation (±50 fs linear range), the linear range was extended by the stretching. As shown in Fig. 3(a) (red dashed OPCPA output), the spectral COG can be directly used to proportionally measure and control the pumpto-signal drift in an OPCPA.
The delay measurement was repeated with the BXC feedback loop activated. In this case, no long-term drift of the temporal delay and no drift of the OPCPA output power or the spectral bandwidth was observed. However, a residual timing jitter of δt = (46 ± 2) fs rms was measured. The corresponding OPCPA power jitter was δ P/P = 1.2% rms. This remaining jitter is larger compared to the jitter of the three-stage OPCPA presented in section 2. In general, we expect a higher jitter from the single-stage amplifier, because it was operated in the smallsignal gain regime, where the output is more sensitive to fluctuations of the pump energy. The high power stages were operated in the saturated gain regime with less sensitivity. However, additional jitter is also expected to originate from the noise of the applied analog-to-digital converters and the proportional control loop. To minimize this jitter further, low-noise electronics should be used for the measurement and control system. To further optimize the control, a fast proportional-integral-derivative (PID) controller should be used in combination with an additional fast piezo actuator in the delay line [20] . In this way, the pump-to-signal jitter could be reduced to 18 fs rms in a high repetition rate fiber-pumped OPCPA [31] . Temporal delay (black) and output power (red) of an actively stabilized OPCPA, measured over 60 minutes. The delay is measured and controlled using the in-loop BXC signal as feedback to an optical delay line. The residual timing jitter is δt = (46±2) fs rms, the corresponding jitter of the output power is 1.2% rms.
In the passive synchronization approach, broadband OPCPA seed pulses are directly generated from a fraction of the compressed sub-ps pump pulses. In this way, the path length of the pump and the signal pulses is reduced to a minimum (about 2-4 m). For the broadband signal generation, white-light continuum generation (WLG) in a YAG crystal is the most promising method [26] . Using this technique, first OPCPAs have already been successfully demonstrated [14, 27] . As illustrated schematically in Fig. 3(b) , a 20 W Yb:glass fiber amplifier was used as the pump amplifier. The system delivered pulse durations down to 333 fs at repetition rates tunable from 20 kHz to 4 MHz. About 1.8 µJ of pulse energy was required to achieve stable white-light continuum generation in a YAG crystal. For the optimum WLG stability, a crystal length of 5 mm was chosen. The pump pulses were focussed into the crystal with a lens of f = 50 mm and a numerical aperture of NA ≈ 0.02. The focal point was placed close to the input surface within the crystal. The WLG spectrum ranged from about 480 nm to beyond 1500 nm. For the OPCPA seed characterization, a part of the spectrum (650 nm to 950 nm) was selected by use of dichroic mirrors. It was of particular interest whether the WLG process itself introduced a timing jitter at a given pump laser energy stability. With increasing pump energy, the position of the filament shifts towards the input surface of the crystal [32, 33] . The threshold power for self-focussing varies for a higher pump energy and thus the onset of filamentation shifts towards the rising edge of the intensity envelope of the pump pulse, introducing a pump-to-signal delay. Additionally, for different filament positions the group delay (GD) between pump and WLG pulses varies due to different optical paths, z, within the YAG crystal. The GD varies about ΔGD/Δz ≈ 40 fs/mm. First, the power stability of the fiber laser and the selected WLG output was measured over a period of 28 hours. As shown in Fig. 6(a) . the fiber laser stability was ΔP P /P P = 0.65% rms and 4.1% maximum deviation (black line, measured with calibrated Thorlabs DET10A photodiode). On a pulse-to-pulse basis, the maximum deviation was less than 1.2%. No significant drift of the WLG output power was measured (red line). The WLG power jitter was ΔP WLG /P WLG = 0.85% (Ophir 3A power meter). Thereafter, the intrinsic temporal jitter between WLG pump and WLG pulses was studied using the BXC. For that purpose, a fraction of the 1030 nm pump pulses was correlated with a spectrally filtered (650 ± 10) nm part of the WLG pulses in the BXC. The sum-frequency signal of the BXC was at 399 nm. The measurement is presented in Fig. 6(b) . The onset of WLG was observed at pump energies of E P ≥ 1 µJ. In this case, the position of the filament was at the end of the crystal. By increasing the pump energy to 1.47 µJ, an increase of the delay between pump and WLG of about 200 fs was measured. Further increase of the pump energy led to an oscillation of the delay. This is attributed to a sequence of plasma-defocussing and re-focussing due to self-focussing of a fraction of the pulse energy that is not coupled into the filament. Above a pump pulse energy of 1.9 µJ, the pump energy was sufficient to form a second filament and thus a second WLG pulse. This pulse is delayed by about 160 fs with respect to the first WLG pulse, leading to stable interference modulations in the WLG spectrum.
The operation point for the stable generation of single WLG pulses was chosen slightly below the onset of the second filament at E P ≈ 1.8 µJ, as indicated by the blue region in Fig. 6(b) . The delay within this region varies by ΔT /ΔE P = (0.66 ± 0.4) fs/nJ. Applying this variation to the jitter of the pump energy from Fig. 6 (a) provides a good estimate of the intrinsic timing jitter of the continuum seeder (Fig. 6(c) ), yielding δt = (7.0 ± 0.5) fs rms (16 fs FWHM).
Conclusion
We developed a high power burst-mode OPCPA for applications at the free-electron laser FLASH. Three non-collinear OPCPA stages were operated with an intra-burst repetition rate of 27.5 kHz (22 pulses in a 800µs burst), pumped by sub-picosecond pulses from an Yb:YAG Innoslab amplifier. We achieved 1.4 mJ pulse energy and an amplified spectral bandwidth sup-porting sub-7 fs pulse duration. Under stable laboratory conditions, the stable operation over a period of 30 minutes was demonstrated with an energy deviation of ΔE/E < 0.7% rms. For long-term operation, temperature drifts and slow humidity changes caused a critical drift of the pump-to-signal temporal overlap in the OPCPA. This results in a 50% decrease of the output energy and the spectral bandwidth. These critical parameters were investigated numerically and experimentally.
Furthermore, active and passive pump-to-signal synchronization techniques were investigated. We performed numerical calculations to study the influence of the pump-to-signal delay in an OPCPA. Aiming for a jitter of the amplified average energy of less than 1% rms, a pumpto-signal delay |Δt| < 50 fs was estimated. Within this temporal window, a variation of the spectral bandwidth of about 1% can be expected (at 1/e 2 spectral intensity). For testing active synchronization schemes, we measured the pump-to-signal drift in a single OPCPA stage using a balanced optical cross-correlator (BXC). In these mesaurements, we observed a slow temporal drift of about +400 fs to −200 fs during a period of 1 hour. Investigating the center of gravity of the OPCPA output spectrum, we found experimentally and numerically that the center wavelength varied linearly with the temporal delay within the required synchronization window. Accordingly, we suggest to use this signal for drift compensation in OPCPAs. Furthermore, we implemented a feedback of the BXC timing signal to an optical delay line. Employing a motor-driven linear translation stage, we achieved a drift-free OPCPA operation with a residual pump-to-seed jitter of δt < 46 fs rms, corresponding to an energy jitter of 1.2% rms, measured over a period of 1 hour. To optimize the performance, low noise photodiodes and a fast proportional-integral-derivative controller in combination with fast piezo actuators should be used. For a passive stabilization, intrinsically synchronized broadband OPCPA seed pulses were derived from the pump pulses by white-light continuum generation (WLG) in YAG. Using a stable Yb:glass fiber amplifier as pump, a WLG energy deviation of less than 0.85% rms was achieved (650 nm -950 nm), measured over a period of 28 hours. After one day of operation, no decrease of the WLG signal was observed. Investigation of the intrinsic timing jitter originating from the white-light generation yielded δt = 7 fs rms, derived from a BXC measurement.
For increasing the long-term stability of high power OPCPAs, the implementation of either active or passive synchronization systems is indispensable. Using the presented active methods, we successfully demonstrated a drift-free OPCPA operation. The method of choice depends on the demanded OPCPA seed parameters. WLG pulses offer a larger spectral bandwidth in the visible. On the other hand, the available Ti:sapphire oscillators offer the possibility for carrierenvelope phase stabilization, which has not been shown so far for WLG pulses. Furthermore, the energy stability of available broadband Ti:sapphire oscillators (< 0.1% rms) has not been reached using WLG. However, passive synchronization intrinsically reaches few-fs resolution, whereas active techniques require additional implementation of optical, mechanical and electronic devices.
With upcoming kW-class Yb-based solid-state amplifier technologies, OPCPA pump amplifiers will soon be available to operate the presented high power OPCPA at repetition rates of 100 kHz up to 1 MHz with mJ-level pulse energies and sub-10 fs pulse durations. The progress of these techniques represents a major development step in femtosecond laser technology.
